Developments in the chemistry of 2,6-di(pyrazol-1-yl)pyridine (1-bpp) and 2,6-di(pyrazol-3-yl)pyridine (3-bpp), their derivatives and their complexes are surveyed, with emphasis on the last eight years. Particular advances include the synthesis of multi-functional spin-crossover switches; the incorporation of emissive f-element podand centres into biomedical sensors; the self-assembly of a variety of functional soft materials and surface structures; and, the use of 3-bpp complexes in catalysis. 
Introduction
Tris-heterocyclic ligands continue to be very widely used in transition metal chemistry, because of their synthetic flexibility, strong metal binding properties, and their ability to impart properties like luminescence or spin-crossover onto a coordinated 15 metal ion. 2,2':6',2''-Terpyridine (terpy) and its derivatives are still the most widely used ligand of this type, and are important in supramolecular chemistry, 1 soft materials chemistry 2, 3 and nanoscience 4 among other fields of research. However, other classes of tris-heterocycle such as 2,6-di(benzimidazol-2-20 yl)pyridines 3, 5 and the 2,6-di(pyrazolyl)pyridines [6] [7] [8] have certain advantages over the terpyridines for some applications and are also well-studied in their own right. The coordination chemistry of 2,6-di(pyrazol-1-yl)pyridine (1-bpp) and 2,6-di(pyrazol-3-yl)pyridine (3-bpp, Scheme 1) was first developed in two 25 particular areas: their iron(II) complexes which can show unusual, and useful, spin-crossover switching properties; and, a class of podands based on the 1-bpp skeleton which form strongly emissive lanthanide complexes. 6 While those areas have continued to expand, more recently the use of bpp derivatives in 30 other areas of research has also been explored, including catalysis, solar cell photosensitisation and soft materials.
The synthesis and coordination chemistry of 1-bpp, 3-bpp and some related ligand classes were surveyed eight years ago, 6 and two more recent articles have reviewed spjn-crossover iron(II) 35 complexes of the same ligand types. 7, 8 This article updates these earlier reviews, and emphasises results published since 2005. After a description of current developments in the syntheses of these ligands, the discussion is then grouped according to their different applications. The types of tris-heterocycle to be 40 considered, and their abbreviations, are shown in Scheme 1.
Synthesis of 1-bpp derivatives and related ligands
The first-reported method for synthesising 1-bpp derivatives is still the most commonly used one, 9 namely the nucleophilic 45 Scheme 1. The classes of ligand discussed in this article, and their abbreviations.
coupling of pyrazolide anions with 2,6-dihalopyridines (eq 1, 50
Scheme 2). 6 2,6-Dibromopyridine precursors (X = Br) are usually used but dichloro-and difluoropyridines (X = Cl or F) can also work well, especially if the pyridine ring has additional electronwithdrawing 'Y' substituents (Scheme 2). The yield of the reaction can depend strongly on the presence of other substituents 55 on the pyridine ring, and can be increased if required by using an excess of pyrazole reagent. The process is quite forgiving in other ways, however. For example, 1-bpp derivatives bearing protic pyridine substituents (Y = CO 2 H, 10,11 ) can be made by eq 1 without prior protection of the acidic function. Since attack by the second pyrazole equivalent requires more forcing conditions, preparation of unsymmetric 1-bpp derivatives by stepwise addition of two different pyrazoles is straightforward and works 5 well (eq 2, Scheme 2). 9 No such unsymmetric ligand with Y ≠ H has yet been reported, 6, 7 but the method should also work in that case. Only one study of catalysis of eq 1 has been published, reporting that palladium catalysts increase the rate of reaction, but do not give higher yields. 12 Although 1H-pyrazoles can be N-10 arylated under Ullmann conditions, for example, 13 that has not yet been applied to the synthesis of 1-bpp derivatives.
Where substituents are present on the pyrazole C3 positions, the less hindered 3',3''-disubstituted-1-bpp isomer is the major product of eqs 1 and 2 9 although small amounts of the 3',5''-15 disubstituted-1-bpp isomer(s) are also sometimes observed (Scheme 2). 6 If the pyrazole 'R' substituents are small and nonpolar (e.g. methyl), the subsequent chromatographic purification of the desired 3',3''-disubstituted isomer can be challenging. A number of 1-bpp derivatives bearing simple alkyl or aryl 20 substituents have been prepared in this way, 6, 7, [14] [15] [16] [17] including chiral derivatives produced using optically pure pyrazole reagents. 6 An exception to this generalisation is where indazole reagents are used, when eq 1 yields the more hindered 2,6-di(indazol-1-yl)pyridine products (1-bip, Scheme 1) in moderate 25 yield. 18, 19 That reflects the usual reactivity pattern for deprotonated indazoles, which prefer electrophilic attack at N1.
A small number of 1-bpp ligands substituted at the pyridine ring can be accessed directly by eq 1, 6,7,10,11 but these can be converted into a wider range of 4-substituted-1-bpp products by 30 subsequent functional group transformations (see below). Finally, eq 1 can also be extended to 1-bppyz analogues (Scheme 1), using 2,6-dichloropyrazine as starting material. 6, 20, 21 Much milder reaction conditions are employed in that case, because of the greater reactivity of the dichloropyrazine reagent. 20 However, this 35 also means that unsymmetric 1-bppyz derivatives cannot be produced cleanly (c.f. eq 2). An alternative route to 1-bpp derivatives substituted at the pyrazole ring has been published by Garner et al., by treatment of 2,6-di(hydrazino)pyridine with -diketones (Scheme 2, eq 3). 22,23 40 This route has a potential advantage in giving the opposite regioselectivity to eq 1, since bulkier or more electron-donating pyrazole substituents tend to adopt the 5',5''-positions in the 1-bpp products (eq 3, Scheme 2). When applied to the 2,6-di(indazol-1-yl)pyridine system, the same 1-bip products afforded 45 by eq 1 are also obtained by this route (Scheme 1). 24 The methods in eq 1 and eq 3 have also been used to prepare 1-bppym derivatives (Scheme 1), starting from the appropriate 2,6-dihaloor 2,6-di(hydrazino)-pyrimidine. 25, 26 Chemical modification of 1-bpp itself can be achieved by 50 halogenation (Scheme 3). Mild electrophilic chlorination, bromination or iodination reagents lead to selective dihalogenation at the pyrazole C4 positions. [27] [28] [29] [30] Selective monoiodination at just one pyrazole ring has also been achieved by monitoring the reaction carefully, 31 while more forcing conditions 55 lead to multiple halogenations of 1-bpp, at the pyrazole and pyridine rings. 29 Comparable halogenations of 1-bppyz were less successful, and 4',4''-dihalo-1-bppyz derivatives are more easily obtained by eq 1, using preformed 4-halopyrazole reagents. 4',4''-Diiodo-1-bpp and -1-bppyz derivatives are good reagents for Sonogashira couplings, affording 4',4''-di(alkynyl)-1-bpp and -1-bppyz products. 21, 27, 31 There is also one report of a Stille coupling from the same precursor, yielding a 4',4''-di(thienyl)-1-bpp derivative, 30 but attempted Heck reactions were 70 reportedly unsuccessful. 21 Attempted nitration of 1-bpp using HNO 3 /H 2 SO 4 led to a mixture of products, involving partial nitration of the pyridyl as well as the pyrazolyl rings. 28 4',4''-Dinitro-1-bppyz was prepared by eq 1, however, starting from preformed 4-nitropyrazole. 22 4',4''-Dinitro-1-bpp cannot be made 75 by that route, because the more forcing conditions required leads to decomposition of the nitropyrazole reagents. is the most common route for attaching additional functionality to the 1-bpp pyridine ring. 7, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Recently, however, 4-bromo-2,6-difluoropyridine has been identified as an alternative starting material for 4-substituted 1-bpp derivatives. The fluoro groups of this precursor are selectively displaced in eq 1 (X = F, Y = Br), 25 yielding a 4-bromo-1-bpp product that can be further modified by Sonogashira cross-coupling or substitution reactions.
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Synthesis of 3-bpp and 1,3-bpp derivatives
The only known synthetic route to 3-bpp derivatives is to construct the pyrazole rings about a pyridyl precursor, via Claisen 30 condensation or a comparable acetylation reaction followed by hydrazinolysis (Scheme 5). 6 Compound 3-bpp itself is most conveniently prepared from 2,6-diacetylpyridine using dimethylformamide dimethylacetyl as formylating agent, 48 but 3-bpp derivatives substituted at the pyrazole C5 positions can also 35 be accessed by more conventional Claisen condensations or other acetylation procedures. 6 A number of new derivatives of this type have been prepared in the last eight years, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] and incorporation of electron-withdrawing substituents at the pyrazole C4 positions is also achievable by this method. anion by the alkali metal ion directs the regiochemistry of the reaction by protecting the alternative 45 pyrazole N2'/N2'' alkylation sites. 68 Alternatively, N,N'-dialkyl and N,N'-diaryl-3-bpp derivatives have sometimes been produced by performing the hydrazinolysis step of the 3-bpp synthesis using substituted hydrazines (Scheme 5). 6, 51, 69 The first 3-bpp derivative substituted at the pyridine ring was reported recently, 50 from a series of transformations starting from 4-hydroxypyridine-2,6-dicarboxylic acid (cheladamic acid). 53 Finally, the pyrazinyl analogue 3-bppyz can also be accessed from 2,6-diacetylpyrazine, by the same route used for 3-bpp. 70 Two different routes to 1,3-bpp or a dimethylated derivative 55 of it have been reported, requiring four or five synthetic steps from available precursors. 71, 72 They differ in their approach to the formation of a 2-acetyl-6-(pyrazol-1-yl)pyridine intermediate, which is then converted to a 1,3-bpp using the same conditions used to make unmodified 3-bpp (see above). 60 
1-Bpp and related ligands in spin-crossover
Iron(II) complexes of 1-bpp derivatives continue to be heavily investigated by the spin-crossover community. Results on this topic published since 2009 are discussed here, and the reader is directed to ref. 7 for a discussion of earlier work. 65 The synthetic versatility of the 1-bpp pyridyl group (Scheme 4), and the tendency for [Fe(1-bpp) 2 ] 2+ derivatives to exhibit spincrossover near room temperature, 7 has led several groups to pursue multifunctional spin-crossover switches based on the [Fe(1-bpp) 2 shows a distinct discontinuity in the region of the iron spintransition. 46 The acetone solvate of this salt exhibits a spin-transition around 150 K, with a 40 K hysteresis loop. 94 The wide hysteresis does not involve a crystallographic phase change, but may be mediated by 60 changes to anion disorder and ligand conformation. Spin-state trapping experiments by laser irradiation (LIESST 86 ) or thermal quenching allow access to two different metastable high-spin states of the compound at low temperatures. The thermally quenched material resembles the thermodynamic high-spin phase, 65 while following LIESST irradiation the ligand conformation is closer to that found in the low-spin phase. This has therefore allowed the spin-state change, and the accompanying conformational rearrangement, to be decoupled in this system. 95 The thf solvate of the same salt is isostructural with the acetone 70 one, but only undergoes complete spin-crossover following solvent loss on exposure to air. 96 Other solvates of the same complex salt show more variable spin-state behaviour. 97 Salts of [Fe(3-bppyz) 2 ] 2+ (Scheme 1) are low-spin in the solid state. 70 The dinuclear complex [{Fe(NCS) 2 (3-bpp)} 2 (-4,4'-bipy)] 75 undergoes spin-crossover in just one of its iron centres on cooling under ambient conditions, 98 which is preceded by the higher temperature loss of a crystallographic centre of symmetry. 99 This crystallographic phase change is not reversed during LIESST irradiation, so the thermodynamic and kinetically trapped high- 80 spin states of the compound are crystallographically distinct. 99 Under hydrostatic pressure, however, both iron atoms are gradually converted to the low-spin state as the pressure is raised. 100 A different dimeric complex with this ligand set, [{Fe(NCS)(-NCS)(3-bpp)} 2 ]·2(4,4'-bipy), has also been 85 crystallised but is not spin-crossover active. 
f-Block complexes
The other aspect of bpp research that has been heavily studied is their f-element chemistry. 6 Tetra-carboxylate podands of type L 20 were first investigated in 1993. 32 They encapsulate lanthanide ions 90 in aqueous solution (log K = 14-16) with hydration numbers ≤0.5, and are good sensitisers for several f-elements yielding emissions with ms lifetimes. 6, 19, 102 Functionalisation of the pyridyl 'R' group allows a range of targeting groups and receptors to be appended to the podand skeleton, such as streptavadin and biologically labelled 95 silica particles. 6 107 Two groups have patented the use of these phosphonated podands in biological imaging, 110 and in medical diagnostics and phototherapy.
111 40 The tridentate 1-bpp framework itself is also an efficient antenna for lanthanide ions, which has been exploited to make fluorescent materials. The back-to-back derivative L 23 selfassembles into hollow nanotubes in water:thf mixtures. The nanotubes are blue-emissive, and doping their surfaces with 45 [Eu(tta) 3 ] (Htta = 1-thienyl-3-trifluoromethylpropane-1,3-dione) introduces a second red-emissive centre. The resultant hybrid nanostructures exhibit three colour red/blue/purple emission under a fluorescence microscope. 36 In a comparable approach, a greenemitting benzothiadiazole dye was decorated with blue-emitting 50 1-bpp fragments using Click chemistry. The product forms 500 nm vesicles in water:thf, which were doped with red-emitting [Eu(tta) 3 ]. The resultant assembly exhibits combined red/ blue/green/yellow emission. 34 Finally, a 1-bpp/fluorene copolymer that was assembled through multiple Sonogashira couplings 55 ( The most success has been achieved with complexes related to I, bearing thienyl substituents at either the 3-bpp ligand (R 1 ) or the terpy derivative (R 2 ). 53, 121 Conjugation of the acceptor ligand to the thienyl group red-shifts the complexes' absorption across the full visible spectrum. Using I, DSCs with photoconversion 85 efficiencies of up to 10.7 % have been prepared, comparable to those using [Ru(NCS) 3 performance to an analogue with the carboxy groups on the bipy co-ligand. 123 A ligand of type L 26 has yet to be synthesised, although [RuCl(dcbpy) (L 27 )]Cl (dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid) is moderately effective in DSCs, 124 and comparable to [RuCl(dcbpy)(1-bpp)]Cl. 119 A theoretical study of 10 the use of [Co(1-bpp) 2 ] 2+ derivatives as redox mediators in DSCs has also been published. 125 Interestingly, L 27 has also been employed as a dopant in a DSC polymer electrolyte. In this case, however, L 27 improves the DSC performance by reducing the polymer crystallinity, and by interacting with the TiO 2 electrode 15 surface rather than the soluble ruthenium complex dye. 126, 127 Electropolymerisation of [Ru(terpy)(L 24 )][PF 6 ] 2 yields a luminescent, semiconducting polymer film whose broad visible absorption may make it suitable for photovoltaic applications. 30 A [ReBr(CO 3 )] adduct of a related dithienyl-3-bpp derivative, whose 20 3-bpp fragment is only bidentate, is also strongly emissive. 141 Other polymetallic complexes where a 1-bpp or 3-bpp derivative acts as a simple 15 capping ligand are also known. 52, 101, [142] [143] [144] [145] [146] [147] [148] [149] Appending extra donor groups onto the 3-bpp skeleton gives further scope for high-nuclearity complex formation. Thus, the diphenoxo derivative L 19 66, 72, [163] [164] [165] None of these studies used a chiral bpp derivative as co-ligand, although those are easily accessible for the 1-bpp series. 6 Bubbling O 2 195 The number of miscellaneous complexes of 3-bpp derivatives is much smaller but 10 more varied, [196] [197] [198] [199] and includes manganese(II), 196 samarium(III) 198 and gold(III) 199 compounds.
Conclusion
The coordination chemistry of bpp and terpy derivatives is complementary in many ways. The weaker ligand field exerted on 15 a metal ion by bpp makes its complexes more labile in solution than corresponding complexes of terpy derivatives. 6 For this reason, terpy derivatives are still more widely used in metal/organic materials chemistry and self-assembly, because their complexes are more robust. [1] [2] [3] [4] [5] However, introducing 20 additional metal-donor groups into the bpp ligand skeleton, which is synthetically facile, overcomes that disadvantage. That has allowed lanthanide complexes of the podands L 20 -L 22 to find use in bioanalytical chemistry and fluorescent materials. Lanthanide complexes of bpp derivatives can be more emissive that their 25 terpy counterparts, reflecting an improved match between the forbital energies and the bpp -acceptor levels. 6 The importance of [Fe(bpp) 2 ] 2+ derivatives in spin-crossover research also reflects the balance of heterocyclic donor groups in the bpp framework. [6] [7] [8] complexes can afford switchable multifunctional materials and nanoscale devices that are not accessible with terpy ligands. Lastly, the 3-bpp framework 35 in its iron complexes, or elsewhere, has additional possibilities for supramolecular chemistry and self-assembly that are not possessed by 1-bpp, or by terpy.
In conclusion, recent studies have further developed the established uses of bpp derivatives in spin-crossover and 40 lanthanide chemistry. They have also introduced new directions for bpp research, particularly in self-assembly and nanoscience.
